Abstract To estimate the impact of early detection of cancer, knowledge of how quickly primary tumors grow and at what size they shed lethal metastases is critical. We developed a natural history model of cancer to estimate the probability of disease-specific cure as a function of tumor size, the tumor volume doubling time (TVDT), and disease-specific mortality reduction achievable by screening. The model was applied to non-small-cell lung carcinoma (NSCLC) and invasive ductal carcinoma (IDC), separately. Model parameter estimates were based on Surveillance Epidemiology and End Results (SEER) cancer registry datasets and validated on screening trials. Compared to IDC, NSCLC is estimated to have a lower probability of disease-specific cure at the same detected tumor size, shed lethal metastases at smaller sizes (median: 19 mm for IDC versus 8 mm for NSCLC), have a TVDT that is almost half as long (median: 252 days for IDC versus 134 days for NSCLC). Consequently, NSCLC is associated with a lower mortality reduction from screening at the same screen detection threshold and screening interval. In summary, using a similar natural history model of cancer, we quantify the disease-specific curability attributable to screening for breast cancer, and separately lung cancer, in terms of the TVDT and onset of lethal metastases.
Introduction
Cancer affects more than one million people each year and is the second leading cause of death in the United States [1] . Screening for cancer is based on the rationale that detecting and treating cancer at early, asymptomatic stages will prevent cancer deaths. However, clinical trials have shown that cancer screening prevents cancer deaths in some cases, such as mammographic screening for breast cancer, but not in other cases, such as chest radiographic screening for lung cancer [2] .
To understand the probability of disease-specific cure from early detection, two critical questions need to be answered: (1) How small does cancer need to be detected to ensure that the disease has not progressed to an incurable state? and (2) How quickly does the disease progress from a curable to incurable state? We propose a novel natural history model of cancer to answer these questions. In this report, we present the model, describe its properties, and apply it separately to estimate the efficacy of screening for two different cancers: invasive ductal carcinoma (IDC) and non-small-cell lung carcinoma (NSCLC). We focused on these diseases because they have had different screening recommendations for the past 30 years. In the case of breast cancer, mammography has been recommended ever since randomized controlled trials (RCTs) of screening demonstrated a reduction in breast cancer mortality. However, in the case of lung cancer, no RCTs of chest radiography have demonstrated a reduction in lung cancer mortality; consequently, lung cancer screening by chest radiography has not been recommended. The differences in the impact of mammographic and chest radiographic screening on their associated disease-specific mortality rates are due to a variety of factors, among them are biological differences in these diseases, and characteristics of the screening tests. Even though it is well known that the biology of lung and breast cancer differs, the goal of our work is to quantify specific biological differences of these diseases and demonstrate how these biological differences may explain a difference in disease-specific mortality reductions attributable to screening, when the characteristics of the screening tests are similar.
Materials and method

Natural history model formulation and assumptions
We propose the natural history model of cancer shown in Fig. 1 ; the formulation and assumptions are described below.
Growth of primary tumor
We assume that growth of primary tumor volume grows exponentially, starting from a volume V 0 at time t = 0 and the growth rate be denoted by r.
The tumor volume at time t, V(t), is VðtÞ ¼ V 0 exp(rtÞ for t ! 0
We chose V 0 = 1 mm 3 . It is noted that the tumor has a constant tumor volume doubling time (TVDT) equal to ln [2] /r.
Treatment cure threshold
We define the ''treatment cure threshold'' of cancer as the primary tumor volume at which the disease transitions from being curable to incurable, assuming standard of care following detection. Here ''curable versus incurable'' is disease-specific curability, meaning that the patient would never die from their specific disease if detected and treated at or before the treatment cure threshold. At the treatment cure threshold, we represent the primary tumor volume by V C . The corresponding time, represented by T C , is.
T C and all time-related terms henceforth are relative to t = 0 when the primary tumor volume is expressed as V 0 . Based on our model assumptions, patients diagnosed and treated at or before the treatment cure threshold will be cured and will not die of their cancer; otherwise, they die of that cancer regardless of treatment, unless they die of other causes first. The actual cause of death can be evaluated by considering disease-specific cause of death and other cause death as competing risks, but that is not the objective of this study.
Lethal metastatic burden
We assume the lethal metastatic burden starts increasing at the treatment cure threshold, thereby we are implicitly excluding metastasis that may be eradicated or controlled by systemic treatment when treated before the onset of the lethal metastatic burden. We assume the lethal metastatic burden grows in proportion (f) to the growth of the primary tumor and continues to grow even after the primary tumor is detected and removed. The lethal metastatic burden at time t, denoted by B(t), is computed as:
We assume if the patient is not diagnosed and treated before the treatment cure threshold, the lethal metastatic The volume of the primary tumor V(t) grows exponentially with tumor volume doubling time, TVDT, and the treatment cure threshold occurs at size V C . Patients detected and treated at or before V C are cured of their disease; otherwise, lethal metastatic burden B(t) will grow exponentially from V C in proportion (f) to the primary tumor and become the cause of cancer death at a maximal metastatic tolerance level B D . The lethal metastatic burden becomes observable when it reaches a fraction (k 1 ) of B D . A patient detected after this moment is regarded as having advanced staged. A patient is detected from either the primary tumor or metastasis, dependent on which prompts detection present first. The primary tumor is detected at size V P , and the lethal metastatic burden is detected when it reaches a fraction (k 2 ) of B D burden becomes the cause of death at the maximal lethal metastatic burden, represented by B D , unless the patient dies of other causes first. If diagnosed before the treatment cure threshold, the patient is cured of that specific cancer; otherwise, the time of disease-specific death T D can be expressed as:
Symptomatic detection
We assume that disease is symptomatically detected due to either the primary tumor or the lethal metastatic burden, dependent on which presents with symptoms first.
(a) The primary tumor is detected at size V P at time T P , where detection is attributed to the occurrence of symptoms or an incidental finding under routine medical care. (b) The lethal metastatic burden prompts detection when it reaches a fraction (k 2 ) of the maximal lethal metastatic burden B D . Let this burden be denoted by B M , the corresponding time and the volume of the primary tumor be denoted by T M and V M , respectively. Then
Let the time and volume of primary tumor at clinical detection be denoted by T E and V E , respectively,
Observable metastasis and clinical staging
We assume patients are clinically staged with advanced disease if lethal metastastic burden is detected at symptomatic detection. We assume that lethal metastastic burden becomes clinically detectable when it reaches a fraction (k 1 ) of B D . Let this burden be denoted by B A , and the corresponding time and the volume of the primary be denoted by T A and V A , respectively. Then
Patients diagnosed at and after T A are regarded as having advanced staged disease and assumed to be incurable of their disease with existing treatment; patients detected before T A are regarded as having early staged disease and can be cured of their disease only if detected and treated before the treatment cure threshold. Let the observed clinical stage at detection be denoted by A, where A = 0 for early stage, and A = 1 for advanced stage, then
Disease-specific survival time from symptomatic detection Disease-specific survival time S is the length of time measured from symptomatic detection T E to disease-related death T D . If a patient is symptomatically detected due to their primary tumor, but detected before the treatment cure threshold, we assume they are cured of their disease. If a patient is symptomatically detected due to primary tumor but after the treatment cure threshold, then their diseasespecific survival is as follows:
If a patient is symptomatically detected due to the lethal metastatic burden, then we assume their disease is incurable and their disease-specific survival is as follows:
Estimation of the cancer progression timeline and likelihood of disease-specific cure
We define the cancer progression timeline as a sequence of time points that include the treatment cure threshold time T C , symptomatic detection time T E , cancer death time T D , and time points when the tumor reaches specific tumor diameters of interest (e.g., 5 mm). As previously mentioned, all times are relative to t = 0 when the primary tumor volume is expressed as V 0 .
The likelihood of disease-specific cure in the absence of screening is estimated as the proportion of patients who are symptomatically diagnosed before the treatment cure threshold, that is,
assuming patients are treated immediately following detection. This quantity is expected to reproduce the disease-specific cure fraction, which is essentially captured by a flattening of the disease-specific survival curve.
Screen detection threshold
By comparing the treatment cure threshold to the tumor size detection threshold of a given screening test, we can estimate the proportion of patients whose disease is curable by early detection. We define the ''screen detection threshold'' of the screening test as the smallest tumor size detectable by the screening test; it is assumed to characterize the screening test detection characteristics in this analysis.
Opportunity window for early detection
We define the ''opportunity window for early detection'' as the time interval between the time that the tumor reaches the screen detection threshold and the time that it reaches the treatment cure threshold [3] . If the screen detection threshold occurs before the treatment cure threshold and the screening test is conducted within the opportunity window for early detection, the tumor will be screen detected early enough to cure the patient of their disease. However, if the screening test is conducted before the onset of the opportunity window for early detection, the tumor will be missed because it is below the screen detection threshold. Before undergoing a subsequent screening, the patient may be symptomatically detected (and recorded as an ''interval cancer case''), but may be cured of their disease, if symptomatic detection occurs within or after the opportunity window for early detection. On the other hand, if the screening test occurs before symptomatic detection but after the opportunity window for early detection, the patient will be screen detected but will not be cured of their cancer. The length of the opportunity window for early detection depends on the screen detection threshold as well as the growth rate of the tumor. The smaller the screen detection threshold and the slower the tumor grows, the longer the opportunity window for early detection will be. Given a screening program of periodic examinations, by comparing the length of the opportunity window for early detection to the screening interval (e.g., annual or biennial), we estimate the proportion of patients who are cured of their disease by early detection followed by treatment.
Estimation of natural history model parameters
All the events in our natural history model of cancer are determined by seven variables, namely V C , V P , r, B D , f, k 1 , and k 2 , as defined above and in Fig. 1 . Because B D and f cannot be identified uniquely from the SEER data (described below), the ratio B D /f is modeled instead. The variables V C , V P , r, B D /f are assumed to be stochastic in order to allow for variation across individuals. In other words, for a given individual, the values for these variables are randomly drawn from probability distributions as described next. The size of the primary tumor at detection V P and the growth rate of tumor volume r are assumed to have bivariate lognormal distribution with mean (l 1 , l 2 ), variance (r 1 , r 2 ), and correlation coefficient q; the treatment cure threshold V C is assumed to have a Weibull distribution with shape parameter c 1 and scale parameter c 2 ; and the ratio B D /f is assumed to have a Weibull distribution with shape parameter b 1 and scale parameter b 2 . The two coefficients (k 1 , k 2 ), related to observable metastasis (k 1 ) and detection due to metastasis (k 2 ), are assumed constant for a specific cancer type.
Parameters estimates were based on the maximum likelihood method [4, 5] , using data from the SEER-Nine Registry [1] . To more directly compare estimates of the natural history of NSCLC and IDC, we fitted the model to SEER data during the calendar years when there was no to minimal effect of screening and adjuvant therapy for either disease. Because we fit our natural history model to patient data in the absence of screening and adjuvant treatment, we can only use the natural history model to analyze the effect of screening on patients who would have been clinically detected in the absence of screening and under no or minimal effect of adjuvant therapy. The parameter estimation method and model properties are described in the Supplement.
Modeling the natural history of non-small-cell lung carcinoma SEER NSCLC data used for model parameter estimation Parameters of the natural history model for NSCLC were estimated using SEER data on 52,660 Caucasian male patients who were diagnosed with malignant non-smallcell lung or bronchus carcinoma between 1988 and 2003. We did not include patients diagnosed before 1988 in order to avoid potential inconsistency due to a change of coding strategy in SEER. The analysis was limited to Caucasians because it is the largest ethnic group with lung cancer in the SEER database; estimates for other ethnicities were poor due the lower number of cases. The analysis was limited to males, because external validation dataset from the Mayo Lung Project (described below) was limited to males only; estimates for females were estimated (not presented) and found to be similar to males, except for a slightly larger TVDT of adenocarcinoma computed for females. Histology types were identified using ICD-O-3 codes, and patients were excluded if their survival information or histology type was missing. Disease stage was derived based on AJCC staging system the 3rd edition (1988). Early stage was defined as AJCC stage I/II, whereas advance stage was defined as AJCC stage III/IV. Table 1 summarizes the characteristics of the study population. Since regular screening for lung cancer has never been recommended in the U.S., the impact of screening in SEER is assumed to be negligible. In addition, the impact of adjuvant therapy for NSCLC is assumed to be negligible because lung disease-specific survival has improved by less than 3% over the last three decades [6] .
NSCLC model validation based on the Mayo Lung Project
The NSCLC model was validated based on the Mayo Lung Project (MLP), which was a randomized controlled trial performed to evaluate the effect of chest radiography screening on lung cancer mortality on male smokers [7, 8] . We performed a Monte Carlo simulation of MLP based on the NSCLC model with parameters estimated from SEER. The inputs for this simulation included age distribution at study entry, baseline NSCLC incidence rate, rate of incidental chest radiography examinations, and the screen detection threshold of chest radiography in terms of tumor diameter. These inputs were estimated based on our previous research [9] . Lung-cancer-specific survival obtained in our simulation was compared against the observed survival in the control arm of MLP.
Modeling the natural history of invasive ductal carcinoma
SEER IDC data used for model parameter estimation
Parameters of the IDC model were estimated based on SEER, using the same nine registries as the NSCLC model [1] . We included 20,474 Caucasian female patients from SEER, who were diagnosed with invasive ductal carcinoma between 1975 and 1979. These calendar years represent a time period where the impact of screening and adjuvant therapy was negligible [10, 11] . Histology types were identified using ICD-O-3 codes, and patients were excluded if their survival information or histology type was missing. Disease stage was derived based on SEER historical staging system. Local or regional stage in SEER historical staging system was considered as early stage, and SEER historical distant stage was considered as advanced stage. The characteristics of the study population are summarized in Table 1 .
IDC model validation based on the Health Insurance Plan breast cancer screening program
The IDC model was validated based on the Health Insurance Plan screening program (HIP). HIP is a RCT performed to evaluate the effect of screening mammography on breast cancer mortality [12] . We performed a Monte Carlo simulation of HIP based on our IDC model. We simulated the screened participants who were diagnosed with IDC during 1975-1979. The inputs for this simulation included the age distribution at study entry and baseline IDC incidence rate. Patient survival predicted by our simulation was compared to the observed survival in the HIP.
Results
Our natural history model produces a good fit to SEER data, by tumor size, stage distribution, and patient survival for IDC (Fig. 2a-c) and NSCLC (Fig. 3a-c) . It reproduces the survival of the control group in the MLP for NSCLC (Fig. 2d) and HIP for IDC (Fig. 3d) . When using our natural history model to evaluate the effect of early detection among patients who would be clinical detected in the absence of screening and not treated with adjuvant therapy, the following results are obtained. For a given primary tumor size at screen detection, the estimated probability of disease-specific cure by tumor size for NSCLC and IDC is compared (Fig. 4a) and IDC is found to have a higher probability of disease-specific cure than NSCLC. For tumors screen detected when 1 cm or greater, the probability of disease-specific cure for IDC is at least 20% higher than NSCLC. This difference is primarily due to the difference in the estimated treatment cure threshold (median: 19 for IDC vs. 8 mm for NSCLC). In other words, our model-based analysis suggests that NSCLC sheds lethal metastases at smaller sizes than IDC. In addition, in the absence of screening and adjuvant therapy, IDC presents with symptoms at smaller tumor sizes than NSCLC (25 mm for IDC vs. 50 mm for NSCLC) and has a higher estimated probability of disease-specific cure (44% for IDC vs. 6% for NSCLC). Based on our analysis, the probability of disease-specific cure can be increased to 61% for NSCLC and 74% for IDC if tumor is screen detected and treated at 5 mm in diameter (Fig. 4a) . Such a low screen detection threshold has a larger relative impact on probability of disease-specific cure for NSCLC than IDC. For example, dropping the screen detection threshold from 15 mm to 5 mm may increase the probability of diseasespecific cure by 97% for NSCLC (31% at 15 mm vs 61% at 5 mm) versus 35% for IDC (55% at 15 mm to 74% at 5 mm).
Next we compared IDC and NSCLC in terms of the TVDT (Fig. 4b) , the disease progression timeline (Fig. 4c) , and the median length of opportunity window for early detection (Fig. 4d) . The estimated median TVDT of IDC is almost twice as long as that of NSCLC (median: 252 days for IDC versus 134 days for NSCLC). These estimates are consistent with literature for non-screened population: median 7-9 months for breast cancer [13, 14] versus our estimate of 8 months; and 120-157 days for IDC [15, 16] versus our estimate of 134 days. Given the differences in the treatment cure threshold and the TVDT, IDC and NSCLC progress through the critical time points differently. Starting from 5 mm in diameter, NSCLC reaches the treatment cure threshold faster (median: 0.6 years for NSCLC versus 4.1 years for IDC). Starting from the treatment cure threshold, NSCLC is asymptomatic while incurable for longer duration (median: 2.0 years for NSCLC versus 0.5 years for IDC). Starting from symptomatic detection, NSCLC progresses to disease-related death faster (median: 0.7 year for NSCLC versus 7.7 years for IDC).
Because the treatment cure threshold is lower for IDC and its TVDT is longer, the opportunity window for early detection is longer for IDC than NSCLC (Fig. 4d) , making IDC a disease that is more easily detectable by screening. For any screen detection threshold and screening interval, IDC is a more curable disease than NSCLC (Fig. 5) . This finding is consistent with prior clinical trials that examined [12] and chest radiographic screening for lung cancer [7, 8] . Although mammography and chest radiography are different examinations, they both rely on X-ray imaging and, based on our estimates, have similar median screen detection thresholds (our estimates range from 15 to 17 mm, data not shown). Yet the breast cancer trial HIP [12] demonstrated a roughly 20% cancer mortality reduction, whereas the lung cancer trial MLP showed no benefit [7, 8] . For IDC, in the absence of adjuvant therapy, our model predicts that with an annual screening program with a test whose screen detection threshold is 15 mm, 55% of the breast cancer patients are cured of their disease (Fig. 5) , compared to 44% in the absence of screening. This represents a 19.6% breast cancer mortality reduction, which is consistent with the HIP trial. In contrast, chest radiography had less potential to reduce lung cancer mortality. Even if chest radiography had a screen detection threshold of 15 mm, then it is operating well above the median treatment cure threshold of NSCLC, which is 8 mm. This suggests that there is no feasible screening program for a chest radiography program that could detect tumor small enough to cure the majority ([50%) of the patients of their disease, regardless of the screening frequency. In fact, the MLP showed no mortality reduction due to radiographic screening even though screening was conducted every 4 months for 6 years. If the screen detection threshold for chest radiography were close to 17 mm, screening every 4 months corresponds to a roughly 23% probability of disease-specific cure according in our model (Fig. 5) . Given the probability of disease-specific cure of NSCLC is 6% in the absence of screening, our analysis suggests that the mortality reduction due to screening in MLP may be roughly as high as 18% for NSCLC. Because 20% of the cases in MLP were small-cell lung carcinoma (SCLC), which is known to be less curable than NSCLC, our model would predict a mortality reduction less than 18% for MLP. Moreover, the actual trial included prevalence screen in the control arm, and non-perfect compliance, which would further lower our estimate from an 18% mortality reduction. Because MLP was powered for a 20% mortality reduction, the fact that MLP did not observe a significant effect of chest radiography screening is consistent with our findings.
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Discussion
We presented a natural history model of cancer that estimates how early the primary tumor and how often to screen asymptomatic individuals so that the primary tumor is detected early enough to prevent disease-specific death among patients who would have been clinically detected with the disease in the absence of screening and under no or minimal effect of adjuvant therapy. We compared model-based predictions for IDC and NSCLC. Our analysis suggests that NSCLC starts to shed lethal metastases when it is roughly one-half of the diameter of a IDC, and the median TVDT of IDC is almost twice as long as that of NSCLC. These differences alone appear to explain why breast cancer screening has been more effective than lung cancer screening with conventional radiographic screening in past clinical trials. HIP trial produced positive results for breast cancer screening with mammography and the MLP trial produced negative findings for lung cancer screening with chest radiography. In the case of lung cancer screening, the National Lung Screening Trial [17, 18] recently reported mortality reduction of 20% in an annual screening program using low-dose helical computed tomography (CT). We do not yet have enough information to provide model-based predictions for NLST; however, we have modeled the Mayo CT screening trial [19, 20] and predicted a 25% mortality reduction (preliminary data not shown) relative to no screening. Our natural history model of cancer provides a new approach of assessing the potential benefit of cancer screening. Previous models of the natural history of cancer have been developed to answer somewhat related but different questions. Models proposed by Geddes [16] , Tubiana [13] , and Michaelson [21] use TVDT reported by empirical studies to infer patient survival, tumor size and the time course of lethal metastasis; Kimmel et al. [22, 23] introduced the concept of ''cure versus no-cure'' and estimated the relationship between tumor size and metastases; Tan et al. [24] introduced the concept of treatment cure threshold as ''fatal diameter'' to estimate the progression and likelihood of cure of breast cancer. We model treatment cure threshold and the time course of lethal metastasis jointly: treatment cure threshold determines the time point when the metastatic burden starts growing, whereas the ratio B D /f decides how fast the burden grows. This approach enables us to jointly estimate the treatment cure threshold and TVDT based on survival data. Intuitively, the probability of disease-specific cure is informed by the tail of the survival curve and TVDT is inferred mainly based on the shape of the survival curve and tumor size at detection.
Median Length of Opportunity Window for Early Detection
The main limitation of any model-based analysis of screening, including ours, is that it relies on a variety of modeling assumptions. First, we assume that the tumor grows exponentially. Previous studies have shown this is an appropriate assumption for some cancer types (such as lung cancer [25, 26] ), but the growth of the primary tumor may also slow down at large sizes and follow Gompertzian growth [27] . Because our model demonstrated both internal and external validity, the exponential growth model appears to be a reasonable first-order approximation for both NSCLC and IDC. Our model also assumes that advanced staged disease is not curable. This assumption holds in most cancer types, and we define ''advanced disease'' by choosing a clinical stage where patients have a very low likelihood of disease-specific cure. Our current analysis does not account for a variety of factors that may affect the disease progression, such as smoking behavior for NSCLC or estrogen receptor status for IDC. However, these factors can be modeled easily using our approach as long as data become available. Regarding the performance of a screening test, our current model characterizes the sensitivity of a test as a function of tumor size; however, we do not account for other factors that may affect sensitivity, such as tumor location. Moreover, our analysis also does not consider the false positive findings from screening.
An advantage of our approach is that it estimates the survival benefit of screening among cases symptomatically detected reported in SEER. Consequently, we are not considering the possibility that screening may also generate over diagnosed cases which will likely increase the disease-specific curability without changing disease-specific mortality. For this reason alone, our model-based analysis may provide a less biased estimate of screening benefit than that inferred from a single-armed screening study [28, 29] . Because single-armed screening studies lack a control group, their estimates of the survival benefit of screening are subject to biases such as over-diagnosis, lead-time bias and length bias [30] [31] [32] [33] .
Our model can be extended to study the potential impact of novel molecular biomarkers, based on blood, urine and exhaled breath condensates as noninvasive screening for early detection [34] [35] [36] [37] . Already our work suggests that if a molecular biomarker were available for frequent screening, it may have a greater impact on NSCLC than IDC, due to the lower treatment cure threshold and faster TVDT of NSCLC. As more data become available to characterize the performance of molecular biomarkers, our model may be extended to incorporate these biomarkers by relating the biomarker level to the primary tumor size, or using the biomarker level as a measure of the extent of metastases, or both. One mathematical model that relates blood biomarker levels to tumor size [38] can be combined with our model, because it relates tumor size to disease-specific curability, to bridge the connection between biomarker levels and survival outcomes. Similarly, our model may be extended to incorporate molecular biomarkers that are being developed to detect metastases, such as circulating tumor cells in the peripheral blood and disseminated tumor cells in the bone marrow [39, 40] . In this manner, our model has a potentially broad range of roles to assess the potential impact of new early detection strategies on cancer mortality. 0%   20%   40%   60%   80%   100%   0  3  6  9  12  15  18  21  24 Screening Interval (Month) Probability of Disease-Specific Cure Fig. 5 Estimated probability of disease-specific cure for NSCLC (black curves) and IDC (red curves) in the absence of screening (dotted curves) and under two alternative screening detection thresholds (solid curves: 5 mm; dashed curves: 15 mm) and screening intervals (1-24 months) . The disease-specific mortality reduction from screening is computed as difference between the probability of disease-specific cure in the presence and absence of screening divided by one minus the probability of disease-specific cure in the absence of screening. All estimates are limited to patients who would have been symptomatically detected in the absence of screening Cancer Causes Control (2012) 23:175-185 183
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